expressed by subsets of muscle afferent sensory neu-
DRG sensory neurons and neurons in the dorsal horn is a paired homeodomain protein known as DRG11 (Saito et al., 1995) . Expression of DRG11 occurs first in DRG sensory neurons and approximately one day later in the dorsal horn, around the time when cutaneous afferent fibers first penetrate the spinal gray matter (Ozaki and Snider, 1997) . Induction of Drg11 in the dorsal spinal cord is controlled independently of that in the DRG (A. Greenwood, Z.-F.C. and D.J.A., unpublished data), suggesting that its coordinated expression in these pre-and post-synaptic neurons could contribute causatively to their connectivity.
Here, we have generated and analyzed mice containing a mutation in the Drg11 gene. Drg11 Ϫ/Ϫ embryos exhibit spatio-temporal abnormalities in the initial penetration of cutaneous sensory afferent fibers into the lateral-most part of the developing dorsal horn, while sparing projections, including those of muscle afferents, to more medial and ventral regions. Subsequent to this initial deficiency, later defects in cellular differentiation and survival are observed, leading in adults to a substantial loss of both neurons and cutaneous afferent fibers in the lateral-most regions of the dorsal horn. Behavioral studies show that these anatomical defects are correlated with a substantial reduction in sensitivity to various types of noxious stimuli, while locomotion and sensorimotor function appear normal. These data suggest that DRG11 is required, directly or indirectly, for the initial formation of connections between cutaneous afferent sensory neurons and their central targets.
Results

Generation of Drg11-Deficient Mice
A mutation in Drg11 was produced using homologous 3H , arrows). In addition, the dorsal funiculus, which 2E, arrowhead). Over the next few days, expression in this medial location is extinguished ( Figure 2F, arrow) , consists mainly of primary afferent fibers and secondorder projections at these embryonic stages, was shalwhile it increases in the dorso-lateral region (Figures  2Fand 2G, arrowheads) .
lower ( Figures 3E-3H Figure 2G, arrow) .
were unable to identify any consistent, obvious alterations in the expression of several molecular markers This reduction in staining intensity occurs in a region Figures 5C and 5G, arrow) . In contrast, no Figures 6G and 6H, arrows) . In contrast to the abnormal 6A and B; arrowheads). By E16.5, calbindin ϩ fibers had invaded the dorsal horn of Drg11 Ϫ/Ϫ mutants ( Figure 6D ). cutaneous afferent projections, no differences between wild-type and Drg11 Ϫ/Ϫ embryos were observed in the However, the absence of such fibers in the lateral-most region of the dorsal horn persisted (Figures 6C and 6D 6D ; arrows). These data suggest that the initial absence Goldstein et al., 1991). Because apparent differences in afferent fiber projecof calbindin ϩ fibers at E13.5 ( Figure 5H ) reflects a delay, rather than a block, in afferent fiber ingrowth, but also tions revealed by antibody staining might reflect differences in the distribution of the corresponding antigens, indicate that the ingrowth that eventually does occur is 
P2 (not shown). The absence of PKC␥
ϩ cells is not due each of the assays; data not shown). To determine the molecular identity of the dorsal horn neurons that were lost, we applied a battery of reagents intact. Such a conclusion is consistent with the observation that the projections of IA muscle afferent sensory that mark the postsynaptic targets of cutaneous afferent projections in laminae I and II of the dorsal horn. There neurons to the ventral spinal cord develop normally in the mutant (Figures 6I-6N Ϫ/Ϫ spinal cord. As was the case in embryos, the lateral-most projection field of these cutaneous afferent fibers appeared almost completely eliminated ( Figures 10I and 10J, arrowheads) , so that there was an apparent dorso-medial shift in the distribution of surviving fibers in the mutant (Figure 10J,  arrow) .
The second class of nociceptive fibers are nonpeptidergic afferents expressing the surface lectin IB4, the GDNF receptor c-RET, and thiamine monophosphatase (TMPase) (Knyihar-Csillik et al., 1986; Molliver et al., 1997; Bennett et al., 1998). These afferents project specifically to lamina IIi (reviewed in Snider and McMahon (1998). As was observed for the peptidergic fibers, there was a dramatic loss of TMPase-positive fibers in the lateral-most domain of the Drg11 Ϫ/Ϫ dorsal horn ( Figures  10K and 10L, arrowheads) . Furthermore, the remaining fibers appeared to be shifted dorso-medially, overlapping the domain occupied by SubP ϩ fibers in the mutant ( Figures 10J and 10L, arrows) . Double-labeling with fluorescent IB4 and anti-CGRP antibody confirmed an overlap of these peptidergic and non-peptidergic fibers in the dorso-medial region of Drg11 Ϫ/Ϫ mice, rather than the well-separated staining in laminae IIi and I seen in wild-type specimens (data not shown). Interestingly, these nonpeptidergic fibers normally synapse onto PKC␥-expressing cells in lamina IIi (Snider and Wright, 1996) , which are absent in the mutant ( Figure 10H, arrowhead) . Thus, the concentration of residual peptidergic and nonpeptidergic afferents fibers in the dorsomedial region of the Drg11 Ϫ/Ϫ spinal cord may reflect the loss of their postsynaptic targets in the lateral dorsal horn, as well as throughout lamina IIi, so that the remaining fibers project to the sites where surviving intrinsic dorsal horn neurons are located.
In preliminary experiments, we sought to determine relatively normally, although more subtle defects may , 1996) . None of these mutations, ceptive trkA ϩ or CGRP ϩ neurons was also reduced in however, affects the initial establishment of connections Drg11 Ϫ/Ϫ animals by about 30% (Table 2) . However, the between the DRG and the dorsal horn. NGF and trkA proportion of DRG neurons expressing these markers are required for the survival of sensory neurons long was unchanged (Table 2) 
Timing and Cellular Locus of the Primary Defect in Drg11
The earliest detectable cellular defect in Drg11 Ϫ/Ϫ mice is an abnormal projection of primary sensory afferent We have analyzed the phenotypic consequences of a mutation in Drg11, a paired homeodomain transcription fibers to the dorsal horn, at E13.5. Because Drg11 is expressed in the sensory ganglia and spinal cord at this factor that is expressed from early stages of development in both the dorsal horn and in DRG sensory neustage, it is not clear whether this initial projection defect reflects an intrinsic function for the gene in the DRG, rons. Embryos deficient in DRG11 display abnormalities in the timing and position of the initial ingrowth of senthe dorsal horn, or both. However, the severity of the projection defect, as detected by calbindin-28K stainsory afferent fibers to the dorsal horn and, subsequently, in morphogenesis of the dorsal horn itself. These early ing, appears similar at cervical and thoraco-lumbar levels (data not shown), while the subsequent defects in defects perturb the development of circuits that process nociceptive and other cutaneous sensory stimuli, as dorsal horn development are more prominent caudally. These observations suggest that the morphological abconfirmed by behavioral studies in adult Drg11 Ϫ/Ϫ mice. Drg11 is thus one of the few genes to be described normalities in the dorsal horn may develop independently of the projection defect. Consistent with this, whose function in vivo is essential for the initial stages of assembly of the neural pathways that detect noxious similar morphological abnormalities, including a reduction in small, darkly staining neurons and a shortening stimuli. 
